
Published: September 16, 2011

r 2011 American Chemical Society 16986 dx.doi.org/10.1021/ja206615c | J. Am. Chem. Soc. 2011, 133, 16986–16996

ARTICLE

pubs.acs.org/JACS

Controlled Supramolecular Assembly of Micelle-Like Gold
Nanoparticles in PS-b-P2VP Diblock Copolymers via Hydrogen
Bonding
Se Gyu Jang,† Edward J. Kramer,*,†,‡,§ and Craig J. Hawker*,†,§,||

†Materials Research Laboratory, ‡Department of Chemical Engineering, §Department of Materials, and )Department of Chemistry and
Biochemistry, University of California, Santa Barbara, California, 93106, United States

bS Supporting Information

’ INTRODUCTION

Ligand molecules tethered on the surface of inorganic nano-
particles play an important role in the synthesis and application
of nanoparticles due to their dramatic influence over surface
properties.1,2 Tailoring of nanoparticle surfaces with ligands is
therefore a key factor for stabilizing nanoparticles in various sol-
vents as well as for controlling hierarchical assembly of nano-
particles to give functional materials. The incorporation of
inorganic nanoparticles into block copolymer matrices to give
self-assembled, microphase-separated periodic structures has
been intensively studied to create novel functional hybrid
materials, such as high-performance catalysts, photonic crystals,
chemical sensors, and electronic devices.3�7 Precise control of
nanoparticle segregation in A-b-B block copolymers has been
achieved by synthesizing nanoparticles with various ligands,
including short aliphatic molecules, A or B homopolymers,
mixed A and B homopolymers, and A-r-B random copolymers
leading to localization of the nanoparticles into either A or B
domains or at the A/B interface.8�18 These approaches are based
on minimizing the enthalphic interaction of mixing of nanopar-
ticles into block copolymer matrices by tailoring the nanoparticle
surface with components similar to the respective block copoly-
mer domains. Recently, Kim et al. demonstrated that the
segregation of nanoparticles can also be precisely controlled by
an attractive secondary interaction between nanoparticle cores

and the block copolymer matrix.15�17,19 For example, the
physical adsorption of poly(2-vinylpyridine) (P2VP) chains on
the surface of the gold core (Au), allowed by the low areal chain
density (Σ) of PS ligands, has been successfully employed to
segregate nanoparticles at the interface of poly(styrene-b-2-
vinylpyridine) (PS-b-P2VP) diblock copolymers.

In examining other attractive, nonbonded interactions, our at-
tention was drawn to hydrogen bonding.20,21 Due to its specific,
directional, and reversible characteristics, hydrogen bonding has
been widely used for supramolecular self-assembly of polymers
and inorganic molecules.7,22 Although the typical single hydro-
gen-bond strength (5�30 kJ/mol) is much less than covalent
bonds (250�800 kJ/mol), significant favorable interactions can
be obtained through the formation of multiple hydrogen bonds.
This enables self-healing polymeric materials, which is an emer-
ging goal in materials science.23,24 In addition, blending of block
copolymers with homopolymers havingmultiple complementary
hydrogen bonds has been used to induce interesting or-
der�order morphology transitions without macrophase separa-
tion of homopolymers from block copolymer domains.25�31

Hydrogen bonding also has been used for the selective segrega-
tion of nanoparticles in block copolymer domains. Yeh et al.
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ABSTRACT: We report a facile strategy to synthesize amphiphilic gold
(Au) nanoparticles functionalized with a multilayer, micelle-like structure
consisting of a Au core, an inner hydroxylated polyisoprene (PIOH) layer,
and an outer polystyrene shell (PS). Careful control of enthalpic interac-
tions via a systematic variation of structural parameters, such as number of
hydroxyl groups per ligand (NOH) and styrene repeating units (NPS) as well as
areal chain density of ligands on theAu-core surface (Σ), enables precise control
of the spatial distribution of these nanoparticles. This control was demonstrated
in a lamellae-forming poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) diblock
copolymer matrix, where the favorable hydrogen-bonding interaction between
hydroxyl groups in the PIOH inner shell and P2VP chains in the PS-b-P2VP diblock copolymer matrix, driving the nanoparticles to
be segregated in P2VP domains, could be counter balanced by the enthalphic penalty of mixing of the PS outer brush with the P2VP
domains. By varying NOH, NPS, and Σ, the nanoparticles could be positioned in the PS or P2VP domains or at the PS/P2VP
interface. In addition, the effect of additives interfering with the hydrogen-bond formation between hydroxyl groups on Au
nanoparticles and P2VP chains in a diblock copolymer matrix was investigated, and an interesting pea-pod-like segregation of Au
nanoparticles in PS domains was observed.



16987 dx.doi.org/10.1021/ja206615c |J. Am. Chem. Soc. 2011, 133, 16986–16996

Journal of the American Chemical Society ARTICLE

controlled the localization of CdS nanoparticles into poly-
(ethylene oxide) (PEO) domains in poly(styrene-b-ethylene
oxide) (PS-b-PEO) through favorable hydrogen-bonding inter-
actions between hydroxyl groups on CdS nanoparticles and PEO
blocks.32 Similarly, Lin et al. employed a hydrogen-bonding strat-
egy to incorporate Au (or silicon) nanoparticles, at very high
volume fractions (∼ 36 vol%), into PS-b-PEO or poly(ethylene
oxide-b-propylene oxide-b-ethylene oxide) (PEO-b-PPO-b-PEO)
block copolymers.33 Although the use of hydrogen bonding to
control nanoparticle segregation has been demonstrated, its
effectiveness for the coassembly of nanoparticles in block copo-
lymer matrices is limited by the inherent solubility of nanopar-
ticles covered with hydroxyl groups (hydrogen-bonding donor)
in only polar solvents, such as water or dimethylformamide
(DMF). In turn this leads to difficulties in processing of the
nanoparticle/block copolymer mixture. To increase the solubi-
lity and processability of nanoparticles in nonpolar solvents, Li
et al. synthesized Au nanoparticles with mixed dodecane-thiol
and 11-mercapto-1-undecanol ligands.34 The nanoparticles showed
good solubility in toluene and segregated in poly(4-vinyl-
pyridine) (P4VP) domains and at the PS/P4VP interfaces of
poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) diblock copolymer,
respectively, due to hydrogen-bonding interactions between
pyridine and hydroxyl groups. However, systematic investiga-
tions of the segregation behavior of nanoparticles relating to the
areal chain density of ligands on nanoparticle surfaces and the length
of ligands, known to be the most important factors in nanoparticle
segregation in block copolymer matrices,15�17 have not been
undertaken in hydrogen-bonding induced nanoparticle segregation.

Here, we introduce a facile strategy for the preparation of Au
nanoparticles, where the number and the location of hydrogen-
bonding donors are controlled and allow for high levels of incor-
porationwhile retaining solubility in nonpolar solvents.Mimicking
micelle structure, Au nanoparticles were initially functionalized
with thiol-terminated poly(styrene-b-1,2-/3,4-isoprene) (PS-b-PI)
diblock copolymer ligands. The double bonds of the 1,2-/
3,4-isoprene block were then hydroxylated by a hydroboration
reaction35,36 to give multilayer core�shell nanoparticles with a Au
core, an inner shell with hydroxyl groups (PIOH), and an outer

shell of PS chains. Owing to the PS shell, the nanoparticles were
highly soluble over a range of molecular weights of ligands in non-
polar organic solvents, such as dichloromethane (DCM) and
chloroform, which are also good and nonselective solvents for
the PS-b-P2VP block copolymer. As a result, sample preparation
by drop-casting or solvent annealing of composites could be
accomplished without any concerns of nanoparticle aggregation
during processing. A library of nanoparticleswith various structural
parameters, such as length of PS, number of hydroxyl groups per
ligand, and areal chain density of ligands, was synthesized, and the
effects of each parameter on the segregation of nanoparticles in PS-
b-P2VP were systematically studied. The high degree of structural
control in this system also allowed the influence of small molecule,
hydrogen-bonding additives to be studied in detail.

’RESULTS AND DISCUSSION

Scheme 1 illustrates the strategy developed for the synthesis of
Au nanoparticles with a controlled, multilayer structure. Thiol-
terminated poly(styrene-b-1,2-/3,4-isoprene) (PS-b-PI-SH) was
prepared by sequential anionic polymerization of styrene and
isoprene monomers with the polymerization of isoprene per-
formed in THF to produce primarily 1,2 and 3,4 additions of
isoprene monomers (>95%) rather than 1,4 addition (<5%).37

Scheme 1. Synthesis of Au Nanoparticlesa

a (a) Schematic illustration of creation of micelle-like gold (Au) nanoparticles consisting of hydrophilic inner shell with hydroxyl groups (PIOH) and
hydrophobic polystyrene (PS) outer brush. Double bonds on thiol-terminated PS-b-PI-SH tethered on gold nanoparticle surface were converted to
hydroxyl groups via hydroboration reaction. (b) Schematic illustration of designed hydrogen-bonding formation between hydroxyl group on the
nanoparticle ligand and pyridine group on P2VP block in PS-b-P2VP block copolymer.

Table 1. Characterization of Thiol-Terminated Poly(styrene-
b-1,2-/3,4-isoprene)

PS (GPC) PS-b-PI-SH (GPC) PI (NMR)a

Mn

(kg/mol) PDI

Mn

(kg/mol) PDI

Mn

(kg/mol) Nv
b

PS43-b-I7-SH 4.5 1.25 6.5 1.15 0.5 7

PS34-b-I10-SH 3.5 1.15 4.3 1.14 0.7 9

PS26-b-I12-SH 2.7 1.33 3.8 1.15 0.8 11

PS29-b-I21-SH 3.0 1.13 4.6 1.08 1.4 20

PS30-b-I26-SH 3.1 1.29 5.2 1.21 1.8 25
aObtained from end-group analysis by 1H NMR. bAverage number of
pendant double bonds per chain obtained from the number of 1,2- and
3,4-isoprene units calculated from the 1H NMR.
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See Table 1 for results. Using the thiol-terminated diblock copo-
lymer ligands, Au nanoparticles with a double-bond-rich inner
polyisoprene (PI) shell and a polystyrene (PS) outer layer were
synthesized by a modified Brust method,38,39 followed by

hydroxylation of the double bonds in the PI inner block by a
hydroboration reaction (Scheme 1).36 Owing to the hydropho-
bic PS outer layer, the Au nanoparticles could be dispersed in
organic solvents, such as DCM and chloroform, which are good

Figure 1. (a) 1H NMR spectra of Au nanoparticles covered with PS30-b-I26-SH (PS30-b-I26-Au) (top) and PS30-b-IOH25-Au_1 nanoparticles after
hydroxylation (bottom) in CDCl3. Disappearance of broad peaks centered at 4.7 and 5.7 ppm from double bonds in 1,2-/3,4-isoprene and a new peak
centered at 3.4 ppm after hydroxylation reveals that the hydroboration reaction was high yielding. (b and c) TEMmicrographs and corresponding size
distributions before hydroxylation (b, PS30-b-I26-Au, Dcore = 1.7 ( 0.4 nm) and after hydroxylation (c, PS30-b-IOH25-Au_1, Dcore = 1.7 ( 0.5 nm).
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solvents for PS-b-P2VP diblock copolymer, even though the
inner PIOH block with a large number of hydrogen-bond donat-
ing hydroxyl groups is hydrophilic. This allows a mixture of Au
nanoparticles and PS-b-P2VP diblock copolymers to be dissolved
in chloroform, drop-cast, and annealed with saturated DCM
vapor. Scheme 1b illustrates the hydrogen-bond-mediated su-
pramolecular assembly between hydroxyl groups on the PIOH
inner shell (hydrogen-bonding donor) and pyridine groups
(hydrogen-bonding acceptor) on the P2VP block of PS-b-
P2VP diblock copolymer. A key to the design of these nanopar-
ticles is the ability to control the structural features of these
materials, which allows the favorable hydrogen-bonding interac-
tions that attract the nanoparticles to the P2VP phase of micro-
phase-separated PS-b-P2VP diblock copolymer domains to offset
the enthalphic penalty due to mixing of Au nanoparticles covered
with PS outer brushes into the P2VP phase, an enthalpic penalty
that favors nanoparticle placement in the PS domains. Therefore,
the segregation and location of the nanoparticles in the PS-b-
P2VP diblock copolymer can be controlled by adjusting these
enthalphic interactions and corresponding structural features.

The hydroxylation of pendent double bonds in the PIOH
inner shell of nanoparticles via hydroboration could be mon-
itored by 1H NMR (Figure 1a). The peaks centered at 4.7 and
5.7 ppm due to the double bonds of the PS30-b-I26-Au nanopar-
ticles were completely absent after hydroboration, as shown in the
bottom spectrum (PS30-b-IOH25-Au_1). In addition, a new broad
peak centered at 3.4 ppm, corresponding to the protons adjacent
to hydroxyl groups, indicates that the hydroxylation of double
bonds via hydroboration was high yielding. The broadening of the
peaks, especially in the case of protons near the hydroxyl groups, is
due to increased spin�spin relaxation (T2) as a result of the
restricted motion of the protons closely packed on the surface of a
Au nanoparticle.40,41 To demonstrate that hydroboration did not
result in loss of polymer ligands or aggregation of the Au cores,
transmission electron microscopy (TEM) images and histograms
showing the size distributions of Au nanoparticles taken before
(PS30-b-I26-Au) and after hydroxylation (PS30-b-IOH25-Au_1)
are provided in Figure 1b and c. PS30-b-IOH25-Au_1 nanoparticles
demonstrate little, if any, change in nanoparticle size or physical
properties. In this example, the mean core diameter of the hydro-
xylated nanoparticle PS30-b-IOH25-Au_1 (Dcore = 1.7 ( 0.5 nm)
was essentially the same as the starting PS30-b-I26-Au (Dcore = 1.7
( 0.4 nm) nanoparticles. In addition, Au nanoparticles with
various other diblock copolymer ligands, as listed in Table 2, also
showed no changes after hydroxylation and retained good solubi-
lity in chloroform and DCM.

To investigate the effect of hydrogen-bond formation on the
lateral distribution of nanoparticles in a lamellae-forming PS-b-
P2VP block copolymer matrix (199 kg/mol), composite samples
with Au nanoparticles before (PS26-b-I12-Au) and after hydro-
xylation (PS26-b-IOH11-Au_1) were characterized by cross-sec-
tional TEM micrographs and related histograms (Figure 2) with
the white stripes being PS domains and the black (or gray) stripes
corresponding to iodine-stained P2VP domains. Due to the PS
outer layer and hydrophobic double-bond-rich PI inner shell,
PS26-b-I12-Au nanoparticles (appearing as black dots) were seg-
regated into the PS domains, as shown in Figure 2a (histogram in
Figure 2c). In addition, a significant number of PS26-b-I12-Au
nanoparticles were macrophase separated from the diblock
copolymer domains (Figure 2a inset). In contrast, the location
of the Au nanoparticles after hydroxylation (PS26-b-IOH11-Au_1
was dramatically different, with the nanoparticles segregating
to the PS/P2VP interface, as shown in Figure 2b (histogram in
Figure 2d). No macrophase separation of the nanoparticles
from the diblock copolymer domains was observed, even at a
slightly higher nanoparticle volume fraction (ϕp ∼ 12.5%)
when compared to the composite sample with the nonhy-
droxylated PS26-b-I12-Au (ϕp ∼ 11%). Furthermore, the
normalized lamellar domain thickness h(ϕp)/h0, which is the
ratio of lamellar domain thickness (half the lamellar period)
h(ϕp) at a volume fraction ϕp to the lamellar domain thickness h0
for ϕp = 0, was reduced to 0.76 due to the surfactant action of the
hydroxylated Au nanoparticles adsorbed at the interface of the
diblock copolymer domains.15,19 The adsorption of PS26-b-
IOH11-Au_1 nanoparticles to the PS/P2VP interface indicates
that the hydrogen bonding between the hydroxyl groups in the
PIOH shell and the pyridyl units of the P2VP pulls the
nanoparticles from the PS domains and stabilizes them at the
PS/P2VP interface.

The segregation behavior of Au nanoparticles with PS ligands is
highly dependent on the areal chain density (Σ) of ligands.15,16,19

For example, the interfacial adsorption of Au nanoparticles with a
low areal chain density (<Σc, the critical areal chain density) of
nanoparticle ligands caused by the favorable interaction between
P2VP and the Au surface has been reported by Kim et al. To
examine the effect of Σ on the segregation behavior of these
multilayer nanoparticles, Au nanoparticles with the same PS29-b-
IOH20-SH ligand but with various values of Σ were synthesized
and blended with PS-b-P2VP diblock copolymer. From cross-
sectional TEM micrographs, as shown in Figure 3a (PS29-b-
IOH20-Au_1, 0.7 chains/nm2), 3b (PS29-b-IOH20-Au_2, 1.1
chains/nm2), and 3c (PS29-b-IOH20-Au_3, 2.2 chains/nm

2), for

Table 2. Characterization of Hydroxylated Au Nanoparticles

ligand Dcore (nm)a Σ (chains/nm2)b Σeff (chains/nm
2)c NPS/NOH

d

PS43-b-IOH7-Au_1 PS43-b-I7-SH 2.4 ( 0.5 1.9 0.6 6.1

PS34-b-IOH9-Au_1 PS34-b-I10-SH 2.3 ( 0.6 1.2 0.4 3.8

PS34-b-IOH9-Au_2 PS34-b-I10-SH 2.1 ( 0.8 1.3 0.4 3.8

PS26-b-IOH11-Au_1 PS26-b-I12-SH 2.5 ( 0.4 1.2 0.4 2.4

PS29-b-IOH20-Au_1 PS29-b-I21-SH 3.1 ( 1.0 0.7 0.2 1.5

PS29-b-IOH20-Au_2 PS29-b-I21-SH 2.8 ( 0.7 1.1 0.3 1.5

PS29-b-IOH20-Au_3 PS29-b-I21-SH 2.4 ( 0.5 2.2 0.6 1.5

PS30-b-IOH25-Au_1 PS30-b-I26-SH 1.7 ( 0.4 1.8 0.3 1.2
aMean diameter obtained from image analysis based on TEM images for at least 300 Au nanoparticles. bCalculated from TGA analysis and Dcore.
c Estimated from the root-mean-square end-to-end distance of the collapsed polyvinylalcohol in poor solvent. dCalculated from number of styrene
repeating units (NPS) and hydroxyl groups (NOH) per ligand.
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the lowest Σ (PS29-b-IOH20-Au_1), the segregation of PS29-b-
IOH20-Au_1 nanoparticles into P2VP domains might be ex-
pected as a result of favorable interactions between P2VP chains
and Au surfaces as well as hydroxyl groups of ligands. In contrast,
segregation of PS29-b-IOH20-Au_3 nanoparticles with the high-
est Σ might be segregated into the PS domain of the diblock
copolymer as a result of efficient shielding of hydrogen bonding
by densely packed PS brushes.42 However, in all three examples,
the nanoparticles were segregated at the PS/P2VP interfaces
regardless of Σ. The entropic stretching penalty of block copo-
lymer chains due to the nanoparticle incorporation into block
copolymer domains, which ismore significant in the case of larger
nanoparticles in size, is known to be an important factor affecting
segregation behavior of nanoparticles.43,44 However, the multilayer

Au nanoparticles in Figure 3a have a broad range of core diameters
but yet were segregated at the interface regardless of their core
diameter. This result indicates that an entropic stretching penalty is
not the major factor in determining the segregation location of the
multilayer Au nanoparticles as long as the particles are 5 nm or less
in core-diameter. In addition to the entropic stretching penalty of
block copolymer chains caused by nanoparticle incorporation,
there are at least four more main enthalphic interactions determin-
ing the segregation location of nanoparticles in PS-b-P2VP diblock
copolymers: the enthalphic penalties of mixing by PS brushes into
P2VP domains (ΔHmix,PS‑P2VP) and PIOH inner shells into PS
domains (ΔHmix,PIOH‑PS) as well as enthalphic gains caused by
hydrogen bonding (ΔHHB) and P2VP adsorption on Au surfaces
(ΔHad). When Σ is low enough, the penetration of P2VP chains

Figure 2. Cross-sectional TEMmicrographs of lamellae-forming PS-b-P2VP block copolymer (199 kg/mol) containing Au nanoparticles whose ligands
are: (a) nonhydroxylated (PS26-b-I12-Au) and (b) hydroxylated (PS26-b-IOH11-Au_1). The areal chain density Σ of PS26-b-I12-Au is 1.2 chains/nm

2.
Gray, blue, and red spheres on the nanoparticles in the illustration at the bottom left of TEM images represent double-bond-rich PI, PS, and hydroxylated
PIOH, respectively. The composite samples were annealed with DCM vapor for 2 days. Volume fractions of nanoparticles (ϕp) in PS-b-P2VP are: (a)
11% and (b) 12.5%. Scale bars in the insets are 500 nm. (e and f) Histograms showing nanoparticle distributions in PS-b-P2VP microdomains obtained
from the TEMmicrographs in (a) and (b), respectively. The normalized domain size refers to the distance of the nanoparticle from the center of the PS
domain divided by the size of a single period of the structure formed by PS-b-P2VP, and blue dotted lines located at +0.25 and �0.25 represent the
interfaces between PS and P2VP. For accurate measurements, the samples were tilted to align the direction of the lamellar planes and electron beam of
the microscope to reduce the broadening of interfaces caused by misalignment of the electron beam.
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through the PS outer brush is significant. Therefore, |ΔHHB| and
|ΔHmix,PS‑P2VP| are dependent on the thickness of the PIOH and
PS layers, respectively, rather than the number of ligands on the Au
surface related to Σ. Although there might be a considerable
interaction between P2VP chains and both the Au surface (ΔHad)
and PIOH (ΔHHB), due to the low Σ of PS29-b-IOH20-Au_1
(Figure 3a, Σ ∼ 0.7 chains/nm2) nanoparticles, the segregation of
PS29-b-IOH20-Au_1 nanoparticles at the interface reflects that the
sum of enthalphic gain, due to the formation of hydrogen bonding
and P2VP adsorption on the Au surface (|ΔHHB + ΔHad|), is
comparable to |ΔHmix,PS‑P2VP|. Considering the high density of
ligands on the Au surface, the adsorption of PS29-b-IOH20-Au_3
nanoparticles at the interface (Figure 3c) indicates that there still
exists hydrogen bonding between P2VP and hydroxyl groups in the

inner shell even in the case of nanoparticles with the highest Σ. The
easy access of P2VP chains to the hydroxyl groups through the
densely packed PS brush even at high Σ can be explained by
considering the effective areal chain density (Σeff) of ligands on the
surface of the PIOH shell (Figure 3d). The Σeff values of each
nanoparticle, estimated from the root-mean-square end-to-end
distance of the collapsed polyvinylalcohols with similar molecular
structures toPIOH inpoor solvent are listed inTable 2.45TheΣeff of
PS29-b-IOH20-Au_2 and PS29-b-IOH20-Au_3 are much lower than
Σ on the surface of the Au-core. Lower Σeff results in better contact
of P2VP to hydroxyl groups and more hydrogen-bond formation
driving the nanoparticles to PS/P2VP interface.

The segregation location of these novel, multilayer Au nano-
particles is highly correlated with the enthalphic energy balances,

Figure 3. Cross-sectional TEMmicrographs of lamellae-forming PS-b-P2VP block copolymer (199 kg/mol) containing Au nanoparticles covered with
the same ligand (PS29-b-IOH20-SH) but various areal chain densities: (a) 0.7 chains/nm

2 (PS29-b-IOH20-Au_1, ϕp∼ 5%), (b) 1.1 chains/nm2 (PS29-b-
IOH20-Au_2, ϕp ∼ 7%), and (c) 2.2 chains/nm2 (PS29-b-IOH20Au_3, ϕp ∼ 19%). (d) Illustration of the effective areal chain density at the interface
between inner hydroxylated PIOH block and outer brush (Σeff). PIOH inner blocks containing hydroxyl groups are collapsed as globules due to the
unfavorable interaction with DCM used for solvent annealing of composites.
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especially between |ΔHHB| and |ΔHmix,PS‑P2VP|. To investigate
the effect of PIOH chain length related to |ΔHHB| on the
segregation location of nanoparticles, three different nanoparti-
cles with fixed PS brush length (fixed |ΔHmix,PS‑P2VP|, Mn

∼ 3 kg/mol) but with various numbers of hydroxyl groups
(NOH, various |ΔHHB|) ranging from 9 to 25 per ligand were
synthesized and mixed with the PS-b-P2VP diblock copolymer
matrix. PS34-b-IOH9-Au_1 (NOH∼ 9) and PS29-b-IOH20-Au_2
(NOH∼ 20) nanoparticles in Figure 4a and b, respectively, were
localized at the PS/P2VP interface. However, PS30-b-IOH25-
Au_1 (NOH ∼ 25) nanoparticles were segregated in both P2VP
domains and interfaces as shown in the cross-sectional TEM
micrograph in Figure 4c (histogram in Figure 4d), suggesting
that |ΔHHB +ΔHad| is similar to or greater than |ΔHmix,PS‑P2VP|.

The coexistence of nanoparticles at the interface and in the P2VP
phase is due to the distribution of core size, Σ, and length of PS
and PIOH blocks on nanoparticles as reported previously.17

Considering the fact that the Σ of PS30-b-IOH25-Au_1 (Σ∼ 1.8
chains/nm2) is higher than those of PS34-b-IOH9-Au_1 (Σ∼ 1.2
chains/nm2) and PS29-b-IOH20-Au_2 (Σ ∼ 1.1 chains/nm2),
the segregation of PS30-b-IOH25-Au_1 nanoparticles in the
P2VP phase may be due to the increase in |ΔHHB| rather than
the increase in |ΔHad|. These observations demonstrate that the
segregation and the location of hydroxylated nanoparticles in a
PS-b-P2VP diblock copolymer matrix are highly dependent on
the number of hydroxyl groups, NOH.

To further demonstrate the tunability of these multilayer Au
nanoparticles in controlling nanoparticle segregation in block

Figure 4. Cross-sectional TEM micrographs of lamellae-forming PS-b-P2VP block copolymer (199 kg/mol) containing Au nanoparticles with
fixed length of PS (∼ 3 kg/mol) but various numbers of hydroxyl groups on the PIOH inner block: (a) 9 (PS34-b-IOH9-Au_1, ϕp ∼ 11%, Σ ∼ 1.2
chains/nm2), (b) 20 (PS29-b-IOH20-Au_2, ϕp∼ 7%, Σ∼ 1.1 chains/nm2), and (c) 25 (PS30-b-IOH25-Au_1, ϕp∼ 19%, Σ∼ 1.8 chains/nm2). Blue and
red spheres on the nanoparticles in the illustration at the bottom left of the TEM images represent PS and hydroxylated PIOH, respectively. (d)
Histogram showing nanoparticle distribution in PS-b-P2VP microdomains obtained from the TEM micrographs in (c).
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copolymer domains, nanoparticles were specifically designed to
be localized in PS domains. The initial strategy examined was to
increase the |ΔHmix,PS‑P2VP| and reduce the |ΔHHB| by the
synthesis of Au nanoparticles (PS43-b-IOH7-Au_1, Σ ∼ 1.9
chains/nm2) with diblock copolymer ligands of longer PS
(NPS ∼ 43) and shorter PIOH (NOH ∼ 7) blocks. The resulting
PS43-b-IOH7-Au_1 nanoparticles were observed to be localized in
PS domains as well as at PS/P2VP interfaces as shown in the cross-
sectional TEM micrographs in Figure 5a and the histogram
in Figure 5b, with macrophase separation also being present
(Figure 5a inset image). This observation reflects the significant
decrease in contribution from hydrogen bonding which is
effectively shielded by the long and dense PS brushes as well as
the decrease in overall number of hydroxyl groups. From this
experimental result, we find an interesting feature of the multi-
layer Au nanoparticles when compared to Au nanoparticles
with only PS homopolymer ligands. Based on Kim’s experi-
mental results, the critical areal chain density of Au nanoparticles
(Σc∼Mn

�0.6(0.1) with a 4.5 kg/mol PS ligand can be estimated
as∼1.3 chains/nm2, which means that the Au nanoparticles with
Σ lower than 1.3 chains/nm2 are segregated at the PS/P2VP
interfaces.17 Considering that the hydrogen bonding and the adsorp-
tion of P2VP chains on Au-core surfaces are energetically favorable
and induce the segregation of nanoparticles to the interface, it is
reasonable that the PS43-b-IOH7-Au_1 nanoparticles with Σeff

∼ 0.6 chains/nm2, which is much lower than Σc, might be
segregated to the interface rather than within PS domains. The
segregation of PS43-b-IOH7-Au_1 nanoparticles in PS domains,
even in the case where Σeff is lower than Σc, may be due to
difficulty in “Janus” formation of densely packed diblock copo-
lymer ligands on the PS43-b-IOH7-Au_1 nanoparticle-core sur-
face (Σ ∼ 1.9 chains/nm2). The driving force to form “Janus”
structures of PS homopolymer ligands tethered on Au-core
surfaces is the energy gain from the rearrangement of PS ligands
to avoid unfavorable interactions between PS brushes and P2VP
chains in diblock copolymer chains and to increase favorable

interactions between bare gold surfaces and P2VP chains. There-
fore, the segregation of PS43-b-IOH7-Au_1 nanoparticles in the
PS domains is primarily due to effective shielding of the P2VP
chains from interacting with the hydroxyl groups near the Au
surface by the PS brush.

The segregation behaviors were explored by varying Σ, the
number of repeating units of PS (NPS) and PIOH (NOH) blocks
of ligands. Figure 6 summarizes the location of various nano-
particles plotted by Σ and NPS/NOH. The majority of multilayer
Au nanoparticles examined was found to be segregated at the PS/
P2VP interface due to strong hydrogen-bond formation when
1.2 < NPS/NOH < 6.1. Decreasing NPS/NOH (∼1.2) resulted in
segregation of nanoparticles to the P2VP domains through a
reduction inΣeff and a corresponding increase in |ΔHHB +ΔHad|

Figure 5. (a) Cross-sectional TEMmicrograph and (b) a histogram showing distribution of PS43-b-IOH7-Au_1 nanoparticles (Σ∼ 1.9 chains/nm2) in
lamellae-forming PS-b-P2VP block copolymer (199 kg/mol). Au nanoparticles are covered with ligands consisting of 4.5 kg/mol PS and 0.5 kg/mol
(∼7 hydroxyl groups) PIOH blocks. The nanoparticles are mainly segregated to the PS/P2VP interface as shown in the histogram in (b). However, a
significant amount of nanoparticles is segregated into the PS domain or macrophase separated as shown in the inset in (a).

Figure 6. Summary of nanoparticle segregation locations plotted by
areal chain density of ligands (Σ) vs NPS/NOH, where NPS is number of
styrene repeating units on PS brush, and NOH is number of hydroxyl
groups on the PIOH inner block. Nanoparticles are primarily segregated
to the PS/P2VP interface when 1.2 < NPS/NOH < 6.1. However,
segregation of nanoparticles into P2VP and PS domains was observed
when NPS/NOH ∼ 1.2 and 6.1, respectively.
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over |ΔHmix,PS‑P2VP|. The segregation of nanoparticles to the PS
domains was observed whenNPS/NOH is ca. 6.1 and demonstrates

that shielding of the hydroxyl groups and a subsequent reduction
in hydrogen-bonding interactions is possible with a dense PS

Figure 7. Cross-sectional TEMmicrographs of PS-b-P2VPblock copolymer (199 kg/mol) and hydroxylated Aunanoparticles showing the effect of a 4PPy
additive which forms competing hydrogen bonds with hydroxyl groups on nanoparticle ligands. (a) Au nanoparticles with PS34-b-I10-SH ligands before
hydroxylation of PI block. (b�h) PS34-b-IOH9-Au_1 nanoparticles mixed with various amounts of 4PPy relative to total number of hydroxyl groups on the
nanoparticles: (b) 0 molar equiv, (c) 2 molar equiv, (d) 3 molar equiv, (e) 4 molar equiv, (f) 5 molar equiv, and (g and h) 10 molar equiv 4PPy. The initial
segregation ofAu nanoparticles to the interface (b) was gradually shifted to the PSdomain (c and d) and subsequently to the formation of small nanoparticle
aggregates which assemble into novel “pea-pod” morphologies. At high loading of 4PPy (g and h), significant nanoparticle aggregation is observed.
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outer layer. The trivial effect of Σ on the nanoparticle segrega-
tions is mainly due to the significantly lowΣeff values as a result of
the increase in NOH. The effect of Σ will be more pronounced
when theNOH value goes to zero, as for the Au nanoparticles with
only PS ligands demonstrated by Kim et al.17

In addition to modulating the effect of hydrogen bonding by
varying NPS and NOH, the use of a small molecule which inter-
feres with hydrogen bonding between the PIOH and P2VP
chains may be another variable that can be used to control nano-
particle segregation. In addition, the enhanced mobility of small
molecule additives may provide opportunities for interesting mor-
phologies of multilayer Au nanoparticles in PS-b-P2VP diblock
copolymer matrices to be obtained.28 For this purpose, 4-phe-
nylpyridine (4PPy) was added to the block copolymer/nano-
particle composites (see Supporting Information Figure S1 for
the cross-sectional TEM micrographs of PS-b-P2VP diblock
copolymer mixed with various amounts of 4ppy in the absence
of Au nanoparticles). It is envisaged that the pyridine group of the
small molecule additive would hydrogen bond with the hydroxyl
groups within the PIOH shell of the nanoparticle and compete
with the P2VP chains, not only screening the hydrogen bonding
between the P2VP and the nanoparticle ligands but also modify-
ing the polarity of the PIOH inner shell. As control experiments,
Figure 7a shows the segregated Au nanoparticles with PS34-b-I10-
SH ligands before hydroxylation with weak aggregation in PS
domains of the diblock copolymer and macrophase separation
being observed. In contrast, PS34-b-IOH9-Au_1 nanoparticles
were segregated to the PS/P2VP interfaces after hydroxylation
(Figure 7b). Significantly, nanoparticle segregation could be
accurately tuned by varying the amount of 4PPy added to
composites, relative to the total number of hydroxyl groups on
the nanoparticles mixed with PS-b-P2VP: (c) 2 molar equiv, (d)
3 molar equiv, (e) 4 molar equiv, (f) 5 molar equiv, and (g and h)
10 molar equiv 4ppy (Figure 7c�h). PS34-b-IOH9-Au_1 nano-
particles were primarily segregated to the interface when 2 molar
equiv of additive was used (Figure 7c). When 3 molar equiv of
4ppy was added (Figure 7d), the population of nanoparticles in
PS domains was increased dramatically and hierarchical pea-pod-
like segregation of PS34-b-IOH9-Au_1 nanoparticles in PS do-
mains (ovulated cylinder morphology parallel to the lamellar
domains in 3-D), due to the weak aggregation of nanoparticles
into the center of PS domains, was observed in Figure 7e. Further
increasing the concentration of 4ppy (5 molar equiv) resulted in
no nanoparticles at the interface with the majority of nanopar-
ticles being present in pea-pod-like nanoaggregates within the PS
domains. The local swelling of PS domains near the aggregated
nanoparticles resulted in the undulation of lamellar domains, and
the aggregated nanoparticles formed hexagonal arrangements
(Figure 7f). Finally, the same segregation morphology of nano-
particles with Figure 7a was observed in Figure 7g�h when an
excess (10 molar equiv) of 4ppy was used, reflecting that
hydrogen bonding between PIOH chains in nanoparticle ligands
and P2VP chains was completely screened by the additives.

’CONCLUSION

Novel core�shell nanoparticles with a Au core and controlled
number of hydroxyl groups in the inner shell and PS outer layer,
were synthesized via hydroxylation of the pendant double bonds
of thiol-terminated poly(styrene-b-1,2-/3,4-isoprene) ligands
tethered on Au-core surfaces. By controlling the structure of the
block copolymer ligand, the PS outer layer allows the nanoparticles

to be dispersed in nonpolar organic solvents, which is important
for blending of the nanoparticles with diblock copolymers as well
as for processing. The presence of hydroxyl groups provides an
efficient handle to control the segregation behaviors of nano-
particles in a PS-b-P2VP diblock copolymer matrix via hydrogen
bonding. Interestingly, the majority of nanoparticle structures
examined were strongly adsorbed to the PS/P2VP interfaces as a
result of the enthalphic energy balance between the sum of
energy gain by hydrogen-bonding formation (|ΔHHB|) as well as
adsorption of P2VP chains on Au-core surfaces (|ΔHad|) and
the energy penalty of mixing PS brushes into P2VP domains
(|ΔHmix,PS‑P2VP|). Increasing NOH resulted in the increase of
|ΔHHB| and the reduction of effective areal chain density of PS
brushes at the outer surface of the PIOH inner shell (Σeff),
allowing P2VP chains better access to the hydroxyl groups in the
inner shell. As a result, segregation of nanoparticles to the P2VP
domains was observed when NOH/NPS ∼ 1.2. Conversely,
segregation of nanoparticles to the PS domains was observed for
structures with increasedNPS, causing an increase in |ΔHmix,PS‑P2VP|
and more efficient shielding of hydroxyl groups by PS brushes
(NOH/NPS∼ 6.1). Furthermore, the hierarchical pea-pod-like
segregation of nanoparticles in PS domains, that has not been
obtained by conventional coassembly of nanoparticles and
block copolymers, was observed by introducing 4-phenylpyri-
dine as an inhibitor to hydrogen-bond formation between hydr-
oxyl groups on nanoparticles and P2VP chains in PS-b-P2VP
diblock copolymers.
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